Transmembrane action potentials were recorded from embryonic rat hearts at ages between 10& days of gestation and birth (21 to 22 days). The resting potential averaged 30 to 40 mv at IOJ2 days and increased to around 80 mv by birth. Two periods of rapid increase in resting potential were noted: 1) from 10^ to 13& days and 2) from 19M days of gestation to birth. The maximal upstroke velocity of the action potential increased as the resting potential increased. The duration of the ventricular and atrial action potentials was inversely related to heart rate, and their rate sensitivity decreased with age. The atrial action potential lost its rate sensitivity by 13M days of gestation and the ventricular action potential lost its by birth. At IOJ2 days diastolic depolarization was found in the area of the ventricle proximate to the A-V junction, the left and right atria, and the sinus venosus. The velocity of the diastolic depolarization was greatest in the sinus venosus and least in the ventricle. The diastolic depolarization decreased with growth and was lost by 13/2 days of gestation.
• The transmembrane action potential of the embryonic and fetal heart has been studied principally in the chick embryo (1) (2) (3) (4) (5) (6) (7) . In the ventricle of 6-to 8-day chick embryo hearts, Lehmkuhl and Sperelalcis (2) found resting potentials of 72 mv and action potentials of 86 mv. Potentials in the range of 30 to 50 mv were found in 37-to 67-hour chick embryos by Meda and Ferroni (3) . Action potential configuration was found to be simi-lar to that of the adult heart. A pacemaker type of action potential, showing slow depolarization during diastole, was found in the sinus venosus (3, 5) and in the atrium and ventricle (7) . The A-V ring was found by Lieberman and Carvalho to be a specialized area with properties similar to the A-V node of the adult heart (6) .
Fewer data are available on the electrophysiology of the heart of the prenatal mammal. Bernard et al. (8, 9) and Pager et al. (10) found resting potentials of 60 to 80 mv in cardiac action potentials from fetal rats of 13 to 21 days gestation age. Total action potential voltage was 80 to 105 mv. The plateau of the action potential was lost as development progressed.
The present study was undertaken to investigate systematically the electrophysiology of the heart of the embryonic and fetal mammal and to demonstrate that the resting and action potentials increase in magnitude as a function of growth and development. Such an increase would be consistent with work on the electrophysiology of embryonic chick heart (3, 4, 7) and of postnatal skeletal muscle (11) (12) (13) . A second objective was to study the development of pacemaker mechanisms and to look for an electrophysiological correlate of the inherent rhythmicity in each part of the heart postulated by Cohn (14) and substantiated by Barry (15) and Hall (16) .
Methods

PHYSIOLOGICAL METHODS
Animals
Long-Evans and Sprague-Dawley strains of rats were used in these experiments. The breeding method was that of Goss (17) in which the females were followed in their estrus cycles by vaginal smears and during estrus were placed with a male overnight. The finding of sperm in the smear the next morning was considered positive evidence for pregnancy. For the purpose of calculating embryonic age, mating was assumed to have occurred in the early morning hours.
Apparatus and Techniques
To prepare the prenatal animals, the mother rat was anesthetized with an injection of pentobarbital, 30 mg/kg, ip, and was placed supine on a board. The abdomen was opened and a uterine horn exteriorized and pinned to a tongue-like projection on the front of the tissue bath. The bath, held 1 cm above the abdomen by a horizontal bar, consisted of a small, shallow specimen chamber set into a lucite box through which warmed water was circulated. Specimen chambers of different dimensions were employed to accommodate the varying sizes of embryos and fetuses. The smallest chamber was 1.2 X 1.2 X 0.3 cm and the largest 2.5 X 2.5 X 1.0 cm; the lucite box was 3.6 X 3.6 X 1.2 cm. A rotary pump was used to circulate warmed water from a constant temperature reservoir through the box, keeping the specimen chamber at 39°C. The uterus was incised on the antimesometrial border, and the embryo or fetus was delivered into the specimen chamber without interrupting the placental-fetal circulation. The specimen chamber was filled with mammalian Ringer's solution (composition in mM: NaCl, 145; KC1, 5.4; CaCl 2) 2.2; NaHCO 3 , 11.9; dextrose, 11.1). The solution dripped constantly into the bath and was drained by overflow. The bathing medium was equilibrated with a mixture of 95% O 2 -5% CO 2 , which brought it to a pH of 7.35, before delivery to the chamber.
In embryos 11/2 days and younger, in which placentarion is poorly developed, both embryo and placenta were delivered into the chamber. These preparations were, therefore, completely isolated from the maternal circulation.
In preparing the postnatal hearts, the newborn rat was anesthetized with pentobarbital, 30 mg/ kg. The entire heart was excised and bathed with Ringer's solution in the specimen chamber used for the largest fetuses. After removing extraneous tissue, the action potentials were recorded from the heart as it lay free in the dish.
The manipulations necessary for preparation of the embryos and fetuses may be described best by dividing the preparations into two groups. In the 10/2-to 16/2-day embryos the heart was exposed by removing the bloodless ventral ectoderm. Those preparations could be maintained without deterioration for about an hour. In the 17/2-to 20/2-day fetuses, the ventral chest wall was present and was removed en bloc by bilateral, midclavicular incisions. This procedure involved increasing amounts of blood loss as the chest wall development progressed, and frequently these preparations deteriorated rapidly. Only about one third of these fetuses could be stabilized well enough for recording.
Ultramicropipettes with tips less than 0.5/z, in diameter were filled with 2.7M KC1 and were employed to make a Woodbury-Brady type of floating electrode for recording (18) . The electrode was connected to either a Medistor 1 or an Argonaut 2 electrometer amplifier, and the potentials were stored on magnetic tape with either a Dacord 3 model 100 or an Ampex 4 model SP-300 tape recorder. The Argonaut-Ampex system was employed for all fetal heart action potentials. The tapes were later replayed into a Tektronix model 561 oscilloscope 5 or into a Visicorder 6 for record analysis.
ANATOMICAL METHODS
Diameters of heart fibers were determined in prenatal rats of 11M, 12M, and 17M days gestation age and in newborn rats. For each animal the heart was removed and placed in mammalian Ringer's solution. A small fragment of excised ventricle was placed on a slide in a drop of 2% glutaraldehyde in Ringer's solution, and the fibers were quickly teased apart under a dissecting microscope. A coverslip was mounted with petroleum jelly, and the slide examined with a Zeiss phase-contrast microscope. 7 8 calibrating slide, was used to measure fiber diameter. Fifteen to twenty fibers were measured in each heart, and these diameter measurements were averaged to give one reading for that animal. Ten animals in each group were used to calculate a mean and standard error of the mean except at 1234 days when only five animals were studied. Several preparations were examined in which only the Ringer's solution without glutaraldehyde was employed. No difference was found between these fiber diameters and those in which the preparation was made with glutaraldehyde.
EMBRYOLOGICAL CONSIDERATIONS
The gestation period for the rat is 21 to 22 days with the transition from embryonic to fetal period occurring between the thirteenth and the fifteenth day. The heart primordia first appear about die 8 Bausch and Lomb Co., Rochester, N. Y. middle of the ninth day. By the end of the thirteenth day, the external form of the heart is complete, and by the latter part of the fifteenth day, septation of the atria, ventricles, A-V canal, and truncus arteriosus has been accomplished. From this time onward, the heart grows in size but no new structures are added (see Fig. 5 ).
The process of cardiac development in the rat is similar to that in other mammalian species. Detailed information can be found in the works of Burlingame and Long (19) and of Goss (17) .
STATISTICAL METHODS AND PHYSIOLOGICAL MATERIAL
Atrial and ventricular action potentials were recorded from 159 embryos and fetuses between 10/2 and 19/2 days of gestation and from 9 newborn animals. Multiple impalements were performed in each heart, and from the impalement that produced the highest resting potential, the resting potential, spike magnitude, maximal upstroke rise velocity, duration at 90% of full repolarization, and heart rate were measured. The data ATRIUM PROXIMAL VENTRICLE DISTAL VENTRICLE
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FIGURE 1
Action potentials taken from hearts of rat embryos. 
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from this one impalement then represented that animal in the statistical analysis. Average values and standard deviations were calculated for all the above parameters at most days between lOM days of gestation and birth. The statistical sample at each age consisted of 6 to 20 animals. For the resting potential, the highest value in each age-group sample was reported separately as the peak value and also employed in the calculation of the mean. The Wald-Wolfowitz Runs test and the Mann-Whitney U test (20) were used to analyze age differences in the voltage values. A standard correlation-regression analysis was employed to relate heart rate and duration of the action potential.
Results
THE FORM OF THE ACTION POTENTIAL
10'/4 to 13 1 
/2 Days of Gestation
The action potential from the distal portion of the ventricle (close to the bulbus arteriosus) had the shape of a typical ventricular myocardial action potential with a prominent plateau and little or no phase 1 of repolarization (Figs. 1 and 2). Phase 3 of repolarization was rapid and the diastolic resting potential was stable.
The action potential of the proximal ventricle (the portion of the ventricle proximate to the A-V junction) had the form of a typical myocardial action potential and usually demonstrated a small amount of diastolic depolarization (Figs. 1, B and H; 2, a, b, and d). At times a stable resting potential was seen in this region (Fig. 2, c) .
The atrial action potential generally had the shape of a pacemaker potential such as might be recorded from the sino-atrial node in the adult rabbit (21) . Diastolic depolarization was noted in all atrial action potentials at 10/2 and IU2 days and in the majority of atrial action potentials at 1232 days of gestation (Figs. 1 and 3). True pacemaker potentials, characterized by a smooth transition from diastolic to upstroke phases, were seen only in the right atrium ( Fig. 3, a) . Latent pacemaker potentials, possessing an angular transition from diastolic phase to upstroke, were seen in the left atrium and parts of the right atrium (Figs. 1 and 3, b). In 12)2-day hearts a stable resting potential was occasionally seen in the left atrium. By 13/2 days a stable resting potential and a prominent plateau were seen in both atrial and ventricular action potentials. There was no longer a distinction between proximal and distal ventricle, either anatomically or electrophysiologically (Figs. 2, 3 and 4) . Diastolic depolarization was seen only in the region of the S-A node (Fig. 5) . As development progressed, the slope of the plateau increased and the speed of phrase-3 repolarization appeared to slow. In the late fetal atrium, the action potential had almost a spike configuration at fast rates, but a small, steep plateau appeared at slow rates. The ventricular action potential at the same time had a steeply sloped plateau with a slowed terminal repolarization.
QUANTIFICATION OF THE ACTION POTENTIAL The Resting Potential
When the mean and the peak values (see Methods) for resting potential were plotted against age, the resultant curves showed an increase in resting potential as gestation progressed (Fig. 6 )." Both average and peak voltages for atrial and ventricular resting poCircuUion Research. Vol. XXIV, January 1969 tentials underwent a large increase between 10)1 and 13M days of gestation, remained fairly stable between 13/2 and 19/2 days of gestation and then rose again between 19K days of gestation and birth. Atrial and ventricular resting potentials were generally similar on each day of gestation (Fig. 6) .
To test the significance of the changes in the resting potential indicated in Figure 6 , data from the age groups where the curves showed plateaus were grouped and the groups compared to see if statistically significant differences existed. The following ages were combined: 108 and 11^, 13^ and WA, and 18Ji and 19/2 days of gestation and 20/2 days of gestation and newborn. The Wald-Wolfowitz Runs test was employed and demonstrated that these groupings were statistically permissible. Table 1 gives the means and standard deviations for the resting potentials of the above groupings. The Mann-Whitney U test was then applied to pairs of the groups to determine if significant differences existed. The following groups were compared: 10/2 to 1VA with 12M days, 128 with 13M to 14JS days, 13M to 14& with 18M to"19M days, 13^ to 14M with 20M newborn and 18M to 193£ with 20M newborn. In the comparison of 1332 to 14M with 18/2 to 1932 days there was no significant difference between the groups. All other comparisons yielded significant differences at least when P < 0.01, indicating that the increases in resting potential seen as growth and development progress were statistically significant. The voltage of the total spike potential also increased with age. When plotted against age, the pattern of the increase in spike potential paralleled that of the resting potential.
The Upstroke Rise Velocity
The average values and standard deviations for the maximal upstroke velocity of atrial and ventricular action potentials are given in Figure 7 . There is a striking parallel with the resting potential data in that the average upstroke velocity increased rapidly between HM and 1332 days and between 19/2 days of gestation and birth.
The fall in rise velocity later in gestation was an unexpected finding. Because of the progressive development of the ventral chest wall over the 16-to 21-day period, the fetuses in this age range would lose progressively greater amounts of blood during the thoracic dissection necessary for exposure of the heart. The fall in rise velocity at 16 to 21 days of gestation may have been related to hypovolemia and inadequate oxygenation. Since this decrease in rise velocity represented temporary reversal of an overall trend, it seems improbable that it would be a change resulting from growth and differentiation.
Diastolie Depolarization
The rate of diastolie depolarization decreased with age and at a given age was less •Indicates that there is a significant difference (P < 0.01) between that value and the value immediately above in the column (Mann-Whitney U test); t Indicates there is no significant difference between that value and the value immediately above.
days FIGURE 5
Composite drawing showing the form of the heart at various stages of development and a schematic representation of the action potentials obtained from the chambers of the heart at these stages. The hearts are not drawn to scale, and the action potentials have no common calibration as drawn here. A line connecting the tracings to the heart shows the action potential of cells in the area.
in the older, more anterior parts of the heart. Since the heart is formed from anterior to posterior, the bulbus arteriosus, ventricle, atrium and sinus venosus are formed in that order (17) . When the atrium divides into right and left chambers, the right atrium initially lies posterior to the left. In lOK-day embryos, two animals showed atrial diastolic depolarization rates of 83 and 86 mv/sec, while the average rate for diastolic depolarization in the proximal ventricle was 22 mv/ sec (SD = ± 1 1 mv/sec) for seven animals.
In the right atrial action potential of 11M-and 12J2-day animals, diastolic depolarization velocities of 46 (±22) and 26 (±12) mv/sec were observed, respectively. For these same ages the left atrial action potential showed diastolic depolarization rates of 17 (±7) mv/sec on both days. Diastolic depolarization in the proximal ventricle at 11M and 12)2 days of gestation was small and difficult to quantitate.
The Action Potential Duration
The duration of the ventricular action po- tential was inversely related to heart rate throughout the prenatal period. Figure 8 shows a graphic display of this relationship, and Table 2 gives the results of a linear correlation-regression analysis of action potential duration on heart rate for several ages between UK days of gestation and birth. There was a significant correlation at all days tested except at 16M days of gestation and the first day after birth. The duration of the atrial action potential was related inversely to heart rate only at 11M and 12JS days of gestation (Table 3) . There was no significant correlation of these two variables after this time.
Graphs of duration of ventricular action potentials (A.P.) vs. heart rate at four different days of gestation. The points represent the actual data; the line in each graph is a line of least squares calculated from a standard regression equation.
The slope of the regression line gives an idea of the sensitivity of action potential duration to heart rate, i.e., how much action potential duration changed for a given change in heart rate. For the ventricle, there was a rapid_ decrease in the slope of the-regression line between 1VA and 13% days of gestation, little change between 13M and I8J2 days, and then further decrease through the first day after birth. For the atrium, the slope decreased between 1VA and 13K days of gestation. After that time the nonsignificant duration-rate correlation rendered the slope of the regression line meaningless. 
Heart Fiber Diameter
The diameters of ventricular fibers of prenatal rats at 11M, 12M, and 1TA days of gestation and of newborn rats were measured to determine if change in fiber size might have been a factor in producing the results observed. There was almost no change in diameter between 1132 days of gestation and birth (Table 4 ). The average fiber diameter varied between 4.1 and 4.4/JL. Atrial fiber diameter could not be measured at 1132 and 1232 days of gestation due to the extreme difficulty of isolating a piece of pure atrial tissue, but measurement of the diameter of 15 atrial fibers, in each of two newborn animals, gave values similar to those obtained from the ventricular fibers.
From these measurements it may be inferred that prenatal heart growth results from increase in fiber number but not from increase in fiber diameter. Measurements in two adult hearts disclosed ventricular fiber diameters of 13 to 20/u. indicating that increase in fiber size does occur after birth.
Discussion
The major changes that occurred in the cardiac action potential with growth were: 1) increase in resting and spike potential, 2) increase in the maximal rise velocity of the action potential, 3) decrease in diastolic depolarization in the action potential of the atrium and proximal ventricle, and 4) decrease in the amount of change in action potential duration with changes in heart rate.
A marked increase in resting potential with age can be seen in both the mean and the peak values of the resting potential. The patterns of increase with respect to time were similar for these two values. Both potentials showed a large increase between 10M and 13/2 days, a plateau from 13)2 to 19M days, and another increase from 1932 days of gestation to birth. For the curve of mean resting potential versus age, the differences between the potentials at 1132 to 1332 days and 1932 days of gestation to birth were highly significant while there was no difference between resting potentials at 13?2 to 1932 days. Thus the increase as well as the pattern of increase in resting potential with age appear to be meaningful in the growth process.
The values reported here for resting potential in the embryonic period are low. However, they agree well with the values of 33 to 37 mv found in 37-to 67-hour chick embryos by Meda and Ferroni (3) and with the potentials of 40 to 50 mv reported by Shimizu and Tasaki (22) for 72-hour chick embryos. These papers both reported that the resting potential of the embryonic chick heart increased with age reaching values of 53 to 80 mv by birth.
The cardiac resting potential of the late fetal and newborn rat was found to be 75 to 80 mv. This figure is comparable to the value of 80 mv given by Bernard and Gargouil for the resting potential of fetal rat ventricle (9) . These authors, however, gave no age or statistical breakdown, only the figure of 80 mv. A more recent note by Pager et al. (10) demonstrated an atrial action potential from a 1632-day rat fetus with a resting potential of 60 mv.
Increase in resting potential with age has also been noted in skeletal muscle. FudelOsipova and Martynenko (11) and Novikova (12) found that the resting potential of rat semimembranosus muscle increased from 23 mv at birth to 80 mv 15 days after birth. In dog gastrocnemius, Solomatin (13) noted a rise in the resting potential from approximately 25 to 60 mv between birth and 3 months of age.
Low resting potential can result from the cell injury caused by microelectrode impalement. Such injury could easily occur in im- palement of the small fibers of the prenatal rat heart. In such a case, the recorded resting potential would be the resultant of the true resting potential of the cell and the amount of potential leak due to injury. If cardiac fiber diameter increased with age, cell injury due to impalement should decrease. If the true resting potential of the cell remained constant throughout gestation, the recorded resting potential would rise as injury with its attendant potential loss became less. In this fashion an erroneous picture of increase in resting potential with age could be created when the change taking place was actually one of fiber diameter. The work of FudelOsipova and Martynenko (11) is open to this criticism. They noted in rat semimembranosus muscle that between 1 and 15 days after birth the membrane resting potential rose (see above), but during this same period the diameter of the muscle fiber increased from 12.7 to 25/A. From these observations a good argument can be made that the increase in resting potential had little to do with growth and that a diameter of 25/u. was the critical cell size for minimal cell injury with microelectrode impalement. In the rat heart, the cardiac fiber diameter did not increase significantly with age, and so any error in measurement caused by injury should have remained relatively constant. Thus the increase observed here in the recorded resting potential of the rat heart must be related to age and not to injury.
In both heart (23) and skeletal muscle (12, 24) , three major changes take place in the ionic and water distributions with growth: 1) tissue sodium and chloride decrease, 2) tissue potassium increases, and 3) extracellular fluid volume falls. Vernedakis and Woodbury (24) calculated intracellular sodium and potassium concentrations for rat skeletal muscle 1 to 45 days after the animals were born and found that over this age range intracellular sodium drops markedly while intracellular potassium changes little.
In newborn chick heart, ouabain, which inhibits active transport of ions, will increase potassium efflux, decrease potassium inCirculaiion Research, Vol. XXIV, January 1969 flux, and increase sodium influx. In the embryonic chick heart, ouabain has less effect on ionic fluxes than in the newborn (25) . Klein interpreted these findings, together with the data on ionic concentrations, to mean that a cation transport pump was developing in the embryonic heart and becoming more effective with age (25) . Such a mechanism may also exist in skeletal muscle. The ionic theory would predict that such a pump, functioning with increasing effectiveness with age, could contribute to a gradually increasing resting potential. This is, of course, highly speculative and further elaboration of this scheme would require information on specific ionic permeabilities and activities.
Weidmann (26) showed that an increase in spike potential and in rise velocity should accompany an increase in resting potential. Trautwein and Kassebaum (27) demonstrated that as the resting potential of rhythmically active heart tissue was increased, the rate of diastolic depolarization was diminished. Thus, except for change in the sensitivity of action potential duration to heart rate, all of the changes listed above as occurring with growth might be expected to accompany increase in resting potential.
Cohn (14) demonstrated that isolated fragments of embryonic chick heart from bulbus arteriosus to sinus venosus can beat spontaneously. The intrinsic rhythmicity or pacemaking ability of such fragments increases for a short time after cardiogenesis begins, but as cardiogenesis progresses, rhythmicity slows and is eventually lost in all areas except the sinus venosus and specialized tissues (15) . In the chick and rat, fragments from embryonic heart taken sequentially along the ventriculo-atrial axis show progressively increasing rates of inherent rhythmicity along that axis (15, 16) . Since the ventricle is formed first and the atrium last, Barry postulated that intrinsic rhythmicity is a primitive attribute and is lost with growth and differentiation. In the developing heart, then, rhythmicity would be lost sequentially along a ventriculo-atrial gradient.
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Meda and Ferroni (3) and Lieberman and Carvalho (5) found pacemaker potentials (action potentials with diastolic depolarization) only in the sinus venosus of the chick embryo. Krespi and Sleator (7), however, recorded pacemaker potentials from the atrium and ventricle in the early embryonic chick heart and noted that the amount of diastolic depolarization decreased along an atrioventricular gradient. The data in this paper on the embryonic rat heart agree with Krespi and Sleator (7) on the presence and gradients of diastolic depolarization and also indicate that diastolic depolarization decreases with age. Since the rate of spontaneous activity or rhythmicity of a pacemaker cell is related to the rate of diastolic depolarization (28) , rhythmicity would be expected to fall as the rate of diastolic depolarization decreased and disappear with the development of a stable resting potential. Thus, the findings of Barry (15) and Hall (16) on intrinsic rhythmicity can be explained by the progressive decrease in and eventual loss of diastolic depolarization noted above. The pacemaker configuration, then, appears to be a primitive form of the cardiac action potential.
In handling the data on action potential duration and heart rate, a simple analysis was sought with two objectives in mind: 1) to determine if a relationship existed between duration and rate and 2) to see if this relationship changed with age. The nature of the data, duration measurements at spontaneous heart rates, was not suitable for establishment of an exact mathematical formula, and for this reason the linear correlationregression analysis was employed. The correlation analysis would indicate if a relationship existed and the slope of the regression line could be used as an index of change in this relationship with age.
For the ventricular action potential, the slope of the regression line fell throughout gestation indicating that the sensitivity of the action potential duration to heart rate decreased with age. At birth the slope was least while the duration-rate correlation was nonsignificant. For the atrial action potential a significant duration-rate correlation was found only at 1VA and 1232 days of gestation, and the slope of the regression line decreased rapidly over this period. These findings may indicate that nonsensitivity to rate represents the mature state of the factors which control the action potential duration. In the adult rat heart, the action potential duration is not rate sensitive (29) .
The major changes in rate sensitivity for the ventricular action potential occurred between 11/2 and 13/2 days and between 19M days of gestation and birth. For the atrium the major change occurred between IIJ2 and 13JI days of gestation. These two periods are also the intervals when the resting potential increased rapidly. Since isolated development of a single characteristic would be unlikely, parallel courses of the changes described here would be expected if these changes were due to growth and development. Increase in resting potential, then, appears to be the focal point of the development of the electrical activity of the heart. Further work on the ontogeny of cardiac electrophysiology should proceed toward the study of this phenomenon. The development of the structural and biochemical aspects of the developing membrane and their relation to the electrical activity must be the target of future studies.
